Introduction {#sec1-1}
============

Cyclophosphamide (CP), a cytotoxic alkylating agent, is one of the chemotherapeutic drugs that is widely used in the treatment of cancers and also is used as an immunosuppressive drug in organ transplantation and autoimmune diseases.\[[@ref1]\] Side effects of CP are testicular weight loss, seminiferous tubules (ST) atrophy, oligospermia, azoospermia, decrease of testosterone, spermatogenic cells degeneration, and apoptosis.\[[@ref1][@ref2]\] CP induces biochemical and histological alterations through producing oxidative stress in cells.\[[@ref3]\] The production of free radicals disrupts the balance of antioxidants and pro-oxidants and results in tissue injury.\[[@ref4]\] Several studies have been shown that exogenous antioxidants to reduce oxidative damage arising from CP.\[[@ref5][@ref6]\]

Cerium oxide (CeO~2~) nanoparticle (nanoceria, NC), a rare earth element in the lanthanide series, in the form of trivalent (Ce^3+^) and quadrivalent (Ce^4+^) state allows nanoparticles to store and release oxygen.\[[@ref7]\] NC recently has remarkable therapeutic applications. This nanoparticle with antioxidant property react with superoxide and hydrogen peroxide and similar two endogenous antioxidant enzymes, such as superoxide dismutase and catalase, scavenge intracellular reactive oxygen species (ROS).\[[@ref8]\] Previous studies demonstrated the antioxidant,\[[@ref9]\] anti-inflammatory,\[[@ref10]\] and anti-angiogenesis\[[@ref11]\] properties of NC. NC enables to protect tissue against side effects induced by radiotherapy,\[[@ref12]\] cardiomyopathy,\[[@ref13]\] chemotherapy,\[[@ref14]\] and ischemia.\[[@ref15]\] However, other studies revealed that NC with production of ROS and creating oxidative stress exhibited cellular toxicity.\[[@ref16][@ref17]\] So far no study has investigated the protective effect of NC against CP-induced testicular toxicity.

Here, we describe the biological effects of NC in testicular injury induced by CP in mice model. Oxidative stress generated by CP plays a significant role in testicular injury. According to the above, it has been hypothesized that NC by having antioxidant properties can improve oxidative stress-induced testicular toxicity. In this study we assessed the protective effects of NC on testicular toxicity against CP by evaluating biochemical, immunohistochemical, and histological parameters.

Materials and Methods {#sec1-2}
=====================

Chemicals {#sec2-1}
---------

ELISA Kit was obtained from Bioassay Company for testosterone assay (China). CP was purchased from Baxter Company (Germany). CeO~2~ nanoparticle was obtained from Neutrino Co. (Iran). Particle size was 378 nm, with polydispersity index (PDI) 0.372 and zeta-7.11 that were determined with Zetasizer 3600 Nano ZS (Malvern Instrument Ltd, Malvern, UK).

Animals {#sec2-2}
-------

All the animal experiments and research methods were approved by the Institutional Animal Care and Ethics Committee of the Medical Science of Mazandaran University, Sari, Iran (ID: IR.MAZUMS.REC.1395.2575). Thirty-two male BALB/c mice (25--30 g) were maintained on a 12:12 dark/light cycle and 20°C--25°C environment. They had free access to food and water during the study period. They were allowed 1 week to acclimate to the experiment environment.

Study design {#sec2-3}
------------

Animals were randomly divided into four experimental groups (eight mice in each group): Group I: Mice received normal saline (same volume with other groups) as a vehicle of NC for 3 days (no-treated CeO~2~ or CP).

Group II: Mice received 100 μg/kg NC daily intraperitoneally (IP) for three consecutive days.

Group III: Mice received 200 mg/kg CP IP single dose.

Group IV: Mice received NC daily for three consecutive days and on the third day, mice were received CP.

The dosage and the number of days of receiving the NC were selected on the basis of pilot study. In high doses of NC, some animals died and/or testicular tissue was seriously destroyed. Nanoparticles were freshly suspended in normal saline solution. Nanoparticles were vortexed just before administration in a volume of 0.2 mL. In NC + CP group, NC was administered 1 hour before CP treatment. The fifth day of the study, biochemical, histological, and immunohistochemical assays were evaluated.

Specimen collection {#sec2-4}
-------------------

Two days after drug administration, the animals were anesthetized with ketamine (50 mg/kg) and xylazine (5 mg/kg). Blood samples were collected from the heart. Serum was separated from blood with 15 min of centrifugation at 3000 ×g, and stored at −20°C for evaluate testosterone analysis. Then animals were sacrificed and right testis was immediately removed, washed with phosphate-buffered saline (PBS) and weighed. For biochemical evaluation, samples were freshly used. The left testis was removed and fixed in 10% buffer formalin for histological and immunohistochemical assay.

Sperm collection {#sec2-5}
----------------

For evaluation sperm parameters, the epididymal tissue removed from testis, minced into small plate containing 1 mL preheated Dulbecco\'s Modified Eagle\'s Medium (DMEM) with 10% fetal bovine serum. After 15 min incubation, the cell suspension was used for sperm parameters analysis including percentage of sperm motility, total sperm count, sperm viability, and determining percentage of sperm morphology.

Evaluation of sperm parameters {#sec2-6}
------------------------------

For sperm count, 20 μL of sperm suspension was placed on Neubauer hemocytometer and at a magnification of ×40 counted.

To determine the percentage of sperm motility, one drop of the sperm suspension was placed on the slide, and the percentage of sperm motility according to the type move was appraised using a light microscope with a magnification of ×10 in three different fields for each sample, and the percentage of sperms with normal and abnormal motility in the fields was recorded. Then average numbers were considered as the final motility score.\[[@ref18]\]

To determine the percentage of sperm morphology, one drop of 10 μL of the sperm suspension with 10 μL of eosin mixed. After 1 min incubation, smear prepared with a drop of 12 μL onto a glass slide. After drying, sperm morphology checked. Abnormal shape of the head and tail of sperm analyzed in the prepared slides and mean data were recorded.

To assess sperm viability 20 μL of sperm suspensions with 20 μL of 1% eosin-Y were mixed and after 3--4 min stained and unstained cells were counted using Neubauer hemocytometer with ×40 magnification inverted microscope. Each sample was measured at least three times.

Mitochondrial preparation of testicular tissues {#sec2-7}
-----------------------------------------------

After homogenization and centrifugation of fresh testicular tissues, mitochondrium were separated. Testes was removed and minced in a cold mannitol (225 mM) solution and then homogenized and centrifuged (1500 ×*g*, 10 min) at 4°C. Supernatant was removed for further centrifugation (11,000 ×*g*, 10 min) and then supernatant was discarded. The sedimented mitochondrial pellet was gently washed and then suspended in the isolation medium (0.225 MD-mannitol, 75 mM sucrose, and 0.2 mM EDTA, pH 7.4) and then centrifuged again (11,000 ×*g* for 10 min). Final mitochondrial sample were suspended in Tris buffer. For assessment, the ROS generation in mitochondria, it was used as a respiration buffer (0.32 mM sucrose, 10 mM Tris, 20 mM Mops, 50 μM EGTA, 0.5 mM MgCl~2~, 0.1 mM KH~2~PO~4~, and 5 mM sodium succinate). Mitochondria were freshly prepared for each experiment and were used within 4 h of isolation. The mitochondrial samples (0.5 mg mitochondrial protein/mL) were used in this study.

Protein concentration {#sec2-8}
---------------------

Concentration of protein in mitochondria was measured by the Coomassie blue protein binding method. Bovine serum albumin was used as the standard for evaluation of the protein content.

Biochemical analysis {#sec2-9}
--------------------

### ROS assay in mitochondria {#sec3-1}

ROS levels of mitochondria were measured using the DCFH-DA reagent. Isolated testicular mitochondria (0.5 mg mitochondrial protein/mL) were placed in respiration buffer and then 20 μL DCFH-DA was added to the samples (final concentration, 10 μM) and incubated at 37°C for 15 min. Then absorption was measured by fluorescence spectrophotometer (Shimadzu RF5000U) at the λex = 488 nm and λem = 527 nm.

### Evaluation of malondialdehyde formation in mitochondria {#sec3-2}

The concentrations of testicular lipid peroxidation were measured by estimating of malondialdehyde (MDA) using the thiobarbituric acid (TBA) with a spectrophotometric assay. To begin the analysis, 0.25 mL phosphoric acid (0.05 M) was mixed to the 0.2 mL of sample and then 0.3 mL of 0.2% TBA was added. Samples were reserved in a boiling water bath for 30 min. The sample tubes were placed to the ice-bath and then 0.4 mL of *n*-butanol was added to each sample. Then were centrifuged (3500 rpm) for 10 min and MDA was measured based on reaction with TBA (an MDA--TBA complex). Created MDA in each sample was calculated in the supernatant at 532 nm with ELISA reader (Tecan, Rainbow Thermo, Austria). MDA content was expressed as μg/mg protein. Tetramethoxypropane (TEP) was used in this experiment as standard.

### Evaluation of protein carbonyl content in mitochondria {#sec3-3}

The protein carbonyl (PC) was measured by using 2,4-dinitrophenyl-hydrazine (DNPH) reagent. After determination of tissue protein, 500 μL of trichloroacetic acid (20% w/v) was added to the sample and stored at 4°C for 15 min. Then precipitated protein was centrifuged at 6500 ×*g* for 10 min and the supernatant was discarded. Soluble protein (0.5 mL) was reacted with DNPH 10 mM (0.5 mL) in HC1 2 M for 1 h at room temperature. Precipitate was washed with 1 mL mixture of ethanol and ethyl acetate 1:1 (v/v) and then centrifuged at 6500 ×*g* for 10 min and the supernatant was removed. The final protein deposition solubilized in 200 μL Guanine hydrochloride solution and was centrifuged at 16,000 ×*g* for 5 min to remove any trace of insoluble material. The protein carbonyl were assessed spectrophotometrically by reading the absorption at a wavelength of 365 nm with an absorption coefficient of 22,000 M^−1^ cm^−1^ was expressed as a nmol of DNPH per milligram of protein.

### Measurement of glutathione content {#sec3-4}

Content of the glutathione (GSH) in the samples was determined by spectrophotometer (UV-1601 PC, Shimadzu, Japan) with 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) as an indicator at 412 nm and expressed as μM.

Testosterone assay {#sec2-10}
------------------

Levels of testosterone in serum were determined by using radioimmunoassay according to manufacturer\'s instructions (Mouse Testosterone ELISA Kit, Bioassay, Cat. No. E0260MO). Testosterone amount is expressed as nmol/L. All samples were carried in duplicate.

Histopathological assay {#sec2-11}
-----------------------

For microscopic evaluation and to determine the effect of CP and nanoceria in testis, the tissue samples were fixed in 10% buffer formalin. After fixation, processing, and embedding in paraffin, sections with 5 μM thickness stained with hematoxylin and eosin (H and E) were investigated under a light microscope (Olympus, Japan). Testicular tissue structure was investigated with Johnsen\'s scoring (JS) system, five sections per animal and ten ST per section were assessed using a score of 1--10 under ×40 magnification.\[[@ref19]\]

Histomorphometric assay {#sec2-12}
-----------------------

For quantitative evaluation, the average diameter of ST and thickness of the germinal epithelium of the ST (from the basement membrane to lumen)\[[@ref20]\] in ten tubule per testicular section and ten section per groups were measured at ×40 magnifications by using calibrated OLYSIA Soft Imaging System GmbH, version 3.2 (Japan). All specimens were evaluated by a histologist as blind.

Immunohistochemical assay {#sec2-13}
-------------------------

Immunohistochemical technique was performed according to the instructions kit manufacturer (Abcam Company, USA). After deparaffinization with xylene and rehydration in alcohol series, endogenous peroxidase activity was blocked by 0.3% H~2~O~2~ in methanol by incubating the sections for 15 min. Then, tissue sections were incubated at 4°C overnight with primary antibodies (anti-caspase-3 rabbit polyclonal antibody, 1:100 in PBS, v/v, Abcam, lat: GR224831-2). After incubating with secondary antibody conjugated with horseradish peroxidase (Mouse and Rabbit Specific HRP/DAB, Abcam, Lat: GR2623314-4) for 15 min, sections were incubated with diaminobenzidine tetrahydrochloride for 5 min.\[[@ref10]\] Then, the samples were dehydrated and mounted. The primary antibody was omitted for negative controls. For the quantitative analysis, immunohistochemical photomicrographs were evaluated by densitometry using ImageJ software (MacBiophotonics ImageJ, 1.41a version). The positive staining severity was assessed as the ratio of the stained area to the entire field assessment.

Statistical analysis {#sec2-14}
--------------------

Data were analyzed by SPSS software, (version 19, Chicago, USA), and Prism software (GraphPad, version 6.07, USA). All of the data with normally distributed are presented as the mean ± standard deviation (M ± SD). One-way analysis of variance and Tukey tests were used. Statistically significant differences were accepted as *P* \< 0.05.

Results {#sec1-3}
=======

Oxidative stress biomarkers {#sec2-15}
---------------------------

MDA, GSH, and PC levels as indicators of oxidative stress in testis are presented in [Figure 1](#F1){ref-type="fig"}. Intracellular ROS formation, MDA, and protein carbonyl contents significantly increased (*P* \< 0.001) in CP-treated group when compared with control group. Administration of NC at dose of 100 μg/kg significantly decreased the elevated ROS in NC + CP group compared to CP group. No significant changes were observed in ROS level in animals that received only NC compared with control group.

![Effect of NC against CP-induced testicular damages on ROS, MDA, GSH, and protein carbonyl levels. All values are expressed as mean ± SD. *a* significant vs. control, *b* significant vs. NC, and *c* significant vs. CP groups. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. NC; nanoceria, CP; cyclophosphamide.](IJPVM-10-5-g001){#F1}

In CP group, the GSH significantly (*P* \< 0.001) was decreased compared with the control and NC groups; an impaired antioxidant system in CP-treated mice. While disruption of the endogenous antioxidant system was significantly increased (*P* \< 0.001) in animals that were treated with NC and CP.

Sperm parameters {#sec2-16}
----------------

Sperm parameter findings in all the groups are presented in [Table 1](#T1){ref-type="table"}. Nanoceria treatment had no effect on sperm parameters. CP administration caused significantly increased abnormal sperm rate (*P* \< 0.01) and decreased sperm count (*P* \< 0.001), viability rate (*P* \< 0.01), and sperm motility (*P* \< 0.001) compared with the NC and control group. NC treatment in CP-treated mice could significantly (*P* \< 0.05 and *P* \< 0.01) improve sperm parameters except sperm abnormality compared to the CP group.

###### 

Sperm count, abnormality, viability rate, and motility, epithelial thickness (ET), seminiferous tubules diameter (SD), and serum testosterone level in the all groups

  Groups                  Control       NC            CP                       CP + NC
  ----------------------- ------------- ------------- ------------------------ ------------------------
  Sperm count (×10^6^)    8.86±0.9      9.05±0.92     3.05±0.6^a,b^\*\*\*      4.86±0.96^a,b,c^\*\*
  Sperm abnormality (%)   7.8±2.95      9.2±2.86      19.6±6.35^a,b^\*\*       14.2±3.42
  Sperm viability (%)     71.3±4.33     73.84±3.89    48.88±13.97^a,b^\*\*\*   63.71±4.94^c^\*
  Sperm motility (%)      89.6±7.02     87.4±6.11     49.6±8.26^a,b^\*\*\*     68.6±6.58^a,b,c^\*\*
  ET (µm)                 76.48±7.45    73.86±7.22    42.72±7.75^a,b^\*\*\*    61.53±8.3^a,b,c^\*\*\*
  SD (µm)                 203.7±14.56   198.1±14.82   187.7±17.44^a,b^\*\*\*   196.5±15.91^a,c^\*\*
  Testosterone (nmol/L)   14.02±2.61    11.69±1.56    4.33±2.36^a,b^\*\*\*     9.65±1.17^a,c^\*\*

All values are expressed as mean±SD. ^a^significant vs. control, ^b^significant vs. NC, and ^c^significant vs. CP groups. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001. NC=Nanoceria, CP=Cyclophosphamide.

Testosterone level {#sec2-17}
------------------

Serum testosterone levels are presented in [Table 1](#T1){ref-type="table"}. Serum testosterone levels were significantly decreased in CP group compared with the control group (*P* \< 0.001). Administration of NC in CP-treated mice significantly increased serum testosterone level (*P* \< 0.01).

Histopathological findings {#sec2-18}
--------------------------

The photomicrographs of testicular sections in all the groups are presented in [Figure 2](#F2){ref-type="fig"}. Normal spermatogenic cells (spermatogonia, spermatocyte, and spermatid), somatic testicular cells (sertoli and leydig cells), and accurate spermatogenesis with abundant spermatids were observed in control group \[[Figure 1a](#F1){ref-type="fig"}\]. These histopatholoical parameters were similar in mice treated with NC and control group \[[Figure 2b](#F2){ref-type="fig"}\]. Testis sections of mice treated with CP revealed many adverse histological changes. These include disorganization in the epithelial layer of ST, detachment (desquamation) of spermatogenic cells, especially spermatogonia, spermatocytes, and spermatid in ST, degenerative cells, edema, and congestion, vacuolization in spermatogonia and sertoli cells, Leydig cell destruction, and lipid granules in cytoplasm of the Leydig cells \[[Figure 2c](#F2){ref-type="fig"}, [e](#F2){ref-type="fig"} and [f](#F2){ref-type="fig"}\]. Whereas testis of mice treated daily with NC for 3 days before CP administration exhibited mild degeneration of ST with less structural changes in spermatogenic cells, mild congestion, edema, and the integrity of interstitial tissue was preserved \[[Figure 2d](#F2){ref-type="fig"}\]. Low Johnsen\'s score were observed in the CP groups. Scores of testes treated with NC + CP was higher compared to the CP group (*P* \< 0.05) \[[Figure 2g](#F2){ref-type="fig"}\].

![Photomicrographs showed the effect of NC on the histological architecture of testis in the groups. Control (I), NC (II), CP (III, V, VI), and NC + CP (IV) groups. Normal structure in control group, detachment (V), vacuolization (VI) in the seminiferous tubules in CP group. (H and E staining, Mag. (I, II, III, IV) ×40, (V, VI) ×100. Scale bar = 100 μm. (VII) Johnsen\'s score in testicular tissue. Data are presented as mean ± SD. *a* significant vs. control, *b* significant vs. NC, and *c* significant vs. CP groups. \*\**P* \< 0.01, \*\*\**P* \< 0.001. NC; nanoceria, CP; cyclophosphamide.](IJPVM-10-5-g002){#F2}

Histomorphometrical findings {#sec2-19}
----------------------------

Morphometric findings in CP-treated group showed reduced seminiferous epithelial thickness and atrophy of seminiferous tubules in numerous tubules as compared to control (*P* \< 0.001). NC administration increased the mean germinal epithelium thickness (*P* \< 0.001) and tubular diameter (*P* \< 0.01) in CP-treated mice. These changes in thickness of the epithelium and diameter of ST were statistically significant compared to the CP mice (*P* \< 0.001) and (*P* \< 0.01), respectively \[[Table 1](#T1){ref-type="table"}\].

Immunohistological findings {#sec2-20}
---------------------------

Results of immunohistological staining of the testes are shown in [Figure 3](#F3){ref-type="fig"}. Section of testes showed a low level caspase-3 immunoreactivity in the control group. Immunoreactivity level of caspase-3 in the NC group was similar to control group. Section of testis tissues in CP-treated mice displayed increase immunoreactivity level of caspase-3. Immunoreactivity mainly localized in the spermatogonia cells and less in the stromal cells \[[Figure 3a](#F3){ref-type="fig"}\] of the testis. While NC + CP group showed mild immunoreactivity level of caspase-3 in the spermatogonial cells \[[Figure 3b](#F3){ref-type="fig"}\] compared to CP-treated testis.

![(a) Immunohistochemical staining demonstrated the caspase-3 immunoreactivity in CP group that were remarkable in spermatogonia cells and weaker in spermatocyte cells. (b) NC treatment diminished caspase-3 immunoreactivity in CP-treated mice. Mag; ×40. Scale bar = 100 μm. (c) Densitometry analysis of immunohistochemical staining for caspase-3. Data were presented as a percentage of total tissue area. Immunoreactivity level of caspase-3 in the control group was similar to NC alone groups. *a* significant vs. control, *b* significant vs. NC, and *c* significant vs. CP groups. \*\*\**P* \< 0.001.](IJPVM-10-5-g003){#F3}

The histograms of the semi-quantitative analysis of caspase-3 staining in all groups are shown in [Figure 3c](#F3){ref-type="fig"}. The most intense immunoreactivity of caspase-3 was confirmed by semi-quantitative analysis in CP-treated mice (12.94 ± 3.6) compared with the other groups (*P* \< 0.001). NC treatment decreased severity of immunoreactivity of caspase-3 (6.03 ± 1.73). Level of caspase-3 in the control group (1.18 ± 0.55) was similar to NC group (1.16 ± 0.44).

Discussion {#sec1-4}
==========

In this study, at the first time, the effect of NC on CP-induced testicular toxicity was investigated. The present study showed protective effect of NC on CP-induced testicular damage. The results revealed that NC improved the reduced serum testosterone level, sperm count, and abnormal sperm in CP-treated animals. It also decreased lipid peroxidation, ROS, and PC levels. Moreover, administration of NC exhibited mitigated apoptosis in the testis. Its protective mechanisms may be related to its anti-oxidative and anti-apoptotic properties of NC.

Oxidative stress is caused by an imbalance in the production and absorption capacity of ROS in cells that subsequently leading to tissue damage.\[[@ref21]\] It has been revealed that oxidative stress by inactivating microsomal enzymes increase ROS and lipid peroxidation.\[[@ref22]\] CP with production of free radicals and reduction of antioxidants is involved in oxidative stress.\[[@ref23]\] Increase in testicular ROS level was stated in CP-treated animals.\[[@ref24]\] The biochemical analysis in this study confirmed that decreased antioxidant enzyme like GSH and increased MDA level in the testis showed oxidative stress and is consistent with previous study.\[[@ref25]\]

NC biologically catalyze electron transfer reactions, such as superoxide dismutase, catalase, and glutathione.\[[@ref15]\] The NC scavenged ROS produced in testis. We observed significantly lower levels of ROS, lipid peroxidation, and PC in NC + CP group than in the CP group. We also observed significantly higher levels of GSH in NC + CP group than in the CP group. It was reported previously that NC by imitating of superoxide dismutase and catalase scavenge ROS.\[[@ref8]\]

It was reported that NC induced oxidative stress in both *in vitro*\[[@ref26]\] and *in vivo*.\[[@ref13]\] The toxic effect of NC is associated with increased oxidative stress.\[[@ref16][@ref17]\] On the other hand, the antioxidant effect of NC plays a protective role in the body by eliminating free oxygen radicals.\[[@ref27]\] The above suggests that there are still some disagreements over NC toxicity. Niu and colleagues showed treatment with NC specifically inhibited infiltration of monocytes/macrophages, apoptotic cell death, and expression of proinflammatory cytokines TNF-α, IL-1β, and IL-6.\[[@ref13]\] Also, Sayes and colleagues reported ROS production and apoptotic cell death have been found in cancer cells with NC treated.\[[@ref28]\] Different biological effects of NC have been attributed to factors such as construction method, particle size, purity, and surface charge.\[[@ref29]\] In this study, we used nanoceria with size of 378 nm, PDI of 0.372 and zeta of 7.11 that could have antioxidant property and protective effect on testicular damage induced by CP.

Sperm is very sensitive to ROS due to high concentrations of polyunsaturated fatty acids and low antioxidant capacity.\[[@ref30][@ref31]\] Obviously, lipid peroxidation of sperm leads to destruction in spermatozoa membranes that is associated with a sharp drop of intracellular ATP, reduction of sperm viability and increased morphological defects, and even impaired spermatogenesis.\[[@ref3]\] Also, t was revealed that ROS and oxidative stress has a significant association with decreased sperm motility.\[[@ref32]\] In this study, CP increased the number of abnormal sperm, and decreased sperm counts, sperm viability, and motility. Also, it was seen that NC treatment in CP-treated mice increased significantly the sperm viability and motility, and decreased the number of abnormal sperms, but it was non-significant. So, due to the reduction of ROS, it may be related to antioxidant property of NC that is involved in the protection of sperm cells in CP-treated animals.

The nanoparticles play a role in the sperm-mediated gene transfer technique (SMGT) for the transfer of sperm DNA into oocyte.\[[@ref33]\] Falchi *et al*. showed that sperm cells exposed to NC for 24 h *in vitro*, NC does not penetrate inside the cell, and has no effect on the sperm motility. Also, there is no cytotoxicity and genotoxicity on sperm cells.\[[@ref34]\] In this study, *in vivo* model, NC did not have any toxic effects on the sperm.

Histopathological assay revealed CP causes disorganization of ST, degeneration of spermatogenic cells, and vacuolation in spermatogonia, spermatocytes, and reduction in germ cells, arrest of spermatogenic maturation, vacuolization in spermatogonia and sertoli cells, interstitial edema, and congestion. Also, the mean JS in CP group was determined a lower value compared to control group. Damage in testicular tissue structure may be attributed that CP induces lipid peroxidation, oxidative stress, and subsequently disruption in the structure and function of testis. These findings are consistent with the results of others.\[[@ref33]\] In the present study, administrations of NC to CP-treated mice showed an amelioration effect in the testicular tissue structure compared with the CP group.

Histomorphometric assay revealed reducing the diameter of the ST and thickness of the germinal epithelium in CP treated as indicated by reducing the number of spermatogenic cells. Further, CP treatment is leading to decrease serum testosterone. Administration of NC ameliorated these changes in testis. Increase in oxidative stress and ROS induced damage to DNA, protein, and enzymes that causes Leydig cell degeneration and disruption in steroidogenesis and spermatogenesis.\[[@ref35]\] Furthermore, lipid peroxidation and decrease in plasma testosterone level are associated with reduced 3b-hydroxysteroid dehydrogenase (3b-HSD) and 17b-hydroxysteroid dehydrogenase (17b-HSD), the key enzymes that play a role in regulation of the production of testosterone.\[[@ref36]\] In the present study, serum testosterone level reduced and spermatogenesis disrupted. Decrease of serum testosterone level after CP treatment is aligned with other study.\[[@ref37]\] In ELISA examination, our results showed that NC elevated testosterone levels. These improvements in histomorphometric and histopathologic findings after NC administrations may be attributed to free radical scavenging effect of these nanoparticles.

The toxic effect of chemotherapy is directly on Leydig cells and indirectly on spermatogenic cells.\[[@ref38]\] For biosynthesis of steroid hormones, neutral lipids accumulate in the spermatogenic cells. In the CP treated, accumulation of unconsumed lipids in the spermatogenic cells destroy spermatogenic cells.\[[@ref23]\] On the other hand, this lipid accumulation because of phagocytosis of the apoptotic spermatogenic cells may also be seen by sertoli cells.\[[@ref39]\]

NC by having anti-apoptotic and antioxidant properties has a protective effect on oxidative stress-induced damage.\[[@ref12]\] This is in line with our study that CP-induced apoptosis confirmed by immunohistochemistry and was subsequently decreased by NC intervention. Colon and colleagues reported that administration of NC IP 24 h before irradiation protect gastrointestinal epithelium injury induced irradiation by reducing the amount of ROS, decreased caspase-3, and increased superoxide dismutase 2 expression.\[[@ref12]\] The high apoptosis is associated with high ROS production derived from cytotoxic CP treatment.\[[@ref40]\] Oxidative stress has been shown to promote apoptosis through the activation of the caspase-3\[[@ref41]\] that is a major cause of infertility. In the present study, CP was significantly increased caspase-3 immunoreactivity in the testes that confirms the association of oxidative stress with apoptosis. Also, immunohistochemistry analysis demonstrated apoptotic cells and caspase-3 immunoreactivity were significantly reduced by NC treatment. The anti-apoptotic property of NC is consistent with other study.\[[@ref12]\]

Conclusions {#sec1-5}
===========

In conclusion, the present study showed the protective effect of NC against chemotherapy-induced oxidative stress. The results of this study proved NC protect CP-induced testicular damage via anti-oxidative and anti-apoptotic properties. NC down-regulates caspase-3 and reduces ROS, lipid peroxidation, and protein carbonyl. These findings suggest that the therapeutic potential of engineered NC may be a good candidate for treatment of oxidative injury induced by chemotherapy.
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